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I.

Abstract

This project aimed to develop a methane sensor for deployment on an unmanned aerial
system (UAS), or drone, platform. This design is centered around low cost, commercially
available modular hardware components and open source software libraries. Once
successfully developed, this system was deployed at the Bath Nature Preserve in Bath
Township, Summit County Ohio in order to detect any potential on site fugitive methane
emissions in the vicinity of the oil and gas infrastructure present. The deliverables of this
project (i.e. the data collected at BNP) will be given to the land managers there to better
inform future management and planning. Despite showing initial promise, further work is
needed to fully assess the utility of this system. Beyond this application, the proposed
system has implications for the crowdsourcing of air quality data collection due to the low
cost and commercial availability of hardware components and the open source nature of
any necessary software.
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II. Background
a. Fugitive Methane Emissions
Methane (CH4) is a clear volatile gas commonly used as an energy source. A major
constituent of natural gas, methane is the fastest growing fossil fuel source in the world, with
an annual production increase of 1.4% (Yang et al., 2018). Natural gas (and by extension
methane) is often presented as a cleaner alternative to other fossil fuel sources such as coal as
natural gas produces less carbon dioxide upon combustion. However, it is oftentimes
overlooked how potent of a greenhouse gas methane is. According to Alvarez et al. (2018),
methane has a global warming potential (i.e., the ability to trap heat within the atmosphere)
104 times that of carbon dioxide over a 20-year horizon and a potential 32 times greater than
carbon dioxide over a 100-year horizon according to Yang et al. (2018). Further, according to
Alvarez et al., emissions from U.S. oil and gas supply chains are 60% higher than estimates
provided by the United States Environmental Protection Agency inventory, with the authors
estimating that in 2015 2.3% of U.S. domestic oil and gas production was lost to emissions.
This difference in methane emissions estimates poses a shortcoming in the current state of
fugitive methane emissions detection and response, which could in part be remedied by more
responsive detection systems.
b. Use of Unmanned Aerial Systems (UAS) in Fugitive Methane Emissions
Traditional means of methane emissions remote sensing, including satellite and airplanebased platforms, are unable to provide the spatial and temporal resolution necessary to reliably
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identify and track fugitive methane emissions as they occur (Anderson and Gaston, 2013; Yang
et al., 2018). Khan et al. (2012) notes that satellites do not have the vertical or horizontal spatial
resolution to identify sources, sinks, and distributions of air pollutants and trace gasses within
the earth’s boundary layer, and that tethered balloons can offer the adequate vertical spatial
resolution but not horizontal. Further, traditional platforms tend to be prohibitively expensive
in most cases outside of well-funded research. This partially accounts for the poor temporal
resolution, further posing limitations in the detection of fugitive emissions. A solution to many
of these shortcomings, however, can be found in the use of an Unmanned Aerial System
(UAS), or drone, platform. Unlike traditional methods, a UAS provides 3-dimensional
coverage at high spatial and temporal resolution (Sørensen et al., 2017), as well as the ability
to collect data in areas that would overwise by inaccessible such as wetlands or boreal forests
(Ruiz-Jimenez et al., 2019). These capabilities, combined with the relatively low cost and
commercial availability, make UAS’s an appealing option as a platform for fugitive methane
emissions detection. Furthermore, when these capabilities are combined with inexpensive
modular hardware and open-source software libraries, there is a large and diverse potential for
a wide array of sensing applications (Sørensen et al., 2017).
c. Benefits of Using an Open-Source Hardware and Software Design
This design has several distinct advantages that arise in combination from the use of a
commercially available UAS alongside inexpensive, modular hardware components and open
source software. The first of these is evident: such a system is much more affordable than a
traditional remote sensing system would be, which would require deployment from a
considerably more expensive airplane or satellite. Further, the affordability and modularity of
this system would create significant potential for the large-scale crowdsourcing of
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environmental monitoring data. With a low cost and relatively simple configuration, any
interested party could implement this design on their own and collect data without having to
rely on the institutional resources of a university or private company. This fact, coupled with
the ability to share data on a mass scale over the internet, could potentially result in a wealth
of air quality data with a much higher temporal and spatial resolution than that afforded by
traditional techniques. Furthermore, the nature of the UAS platform allows for the collection
of data in 3-dimensions, allowing an entire air column to be mapped as opposed to a single
point on the ground. This would greatly enhance the ability to study how methane plumes
disseminate and travel across a space. Having such a robust and dynamic dataset is of
paramount value in assessing something as stochastic as fugitive methane emission (or that of
any gaseous pollutant).
d. Bath Nature Preserve as a Study Location
On a local level, fugitive methane emissions potentially pose a particular problem for the
UA partners at the Bath Nature Preserve in Bath Township, Summit County, OH. Bath Nature
Preserve (BNP) is a public park in Bath Township that hosts a field station in partnership with
the university and is the site of a variety of environmental and ecological monitoring and
restorative efforts. This site, however, is crosscut by two subterranean natural gas pipelines,
nine natural gas wells, and several storage tanks. Thus, such a situation poses both short and
long term societal and environmental risks- particularly considering the current lack of data to
document existing local emissions. This project could help in part to ameliorate this problem
on a local scale: by successfully developing this system and using it to map methane emissions
at BNP, we could share this data with this community partner to better inform them of the
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present conditions and risks associated with fugitive methane emissions on their property, as
well as helping them to take better-informed actions in remediating this problem.
e. Funding for the Project
Funding was granted by the University of Akron EXL Center as a part of the center’s
Student Driven Initiatives program. The aim of this program is to fund student driven projects
with goals of helping community partners, and the funding provided was used for the
purchasing of materials and components in the design and prototyping of the sensor.

III. Methodology
a. Study Area
Several features of interest at Bath Nature Preserve were to be mapped using the UASdeployed sensor. These features include two linear segments of subterranean oil and gas
delivery pipeline, two extraction wells, and a single set of holding tanks. These features were
chosen as the study objects as they provide a sampling of the various types of oil and gas
infrastructure around which fugitive emissions may occur. Further, there have been anecdotal
reports of a “natural gas smell” in proximity to the holding tanks. The features and their
locations with respect to the preserve can be seen on the map below (Figure 1).

Figure 1: Target features within
study area at BNP. Imagery from
Google Earth
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b. Design
The specific UAS chosen for deploying the sensor module is a Phantom 4 Pro
manufactured by Shenzhen DJI Sciences and Technologies Ltd. This particular model
(figure 2) was chosen on the basis of its widespread commercial popularity and availability,
and because a unit was available for use through the University of Akron Department of
Geosciences. Specifications for the system include a 5 Ah 15.2V Lithium-polymer 4-cell
battery with a max flight time of
28 minutes, a maximum wind
resistance of 10 m/s, a 200g
maximum payload, and a total
mass off 1.38kg (see appendix A
for full UAS specifications). The
system is controlled using DJI’s
Figure 2: DJI Phantom 4 Pro. 15cm ruler included
for scale.

flight control application run on a
tablet device that interfaces with

a radio controller (with the controller issuing commands to the drone remotely via radio
frequency). The UAS receives positioning information via GPS signal, which (along with
other data) is written internally in the flight logs.
The sensor module is centered around the Seeedstudio Grove suite of sensors and
control boards, which have been successfully deployed by Alvear et al. (2017) and Khan
et al. (2015) on a UAS platform. The sensor module consists of an Arduino-supported
Seeeduino V4.2 control board for issuing commands to the peripheries (i.e. the sensor and
SD writer), a Seeeduino V2 base shield to allow the interfacing of the control board to the

10

peripheries without soldering, a Seeeduino V4 SD card shield for writing output data from
the sensor to be retrieved for later analysis, and a Grove MQ5 analogue electrochemical
methane sensor with sensing capabilities between 200-10,000 ppm (figure 3; see appendix
B for sensor module design architecture and component cost). The module is powered
using a single 9V battery connected to the control board via a DC input jack. The control
board is rated for either a 3.3V or 5V DC power input, however the circuit includes a stepdown transformer so a 9V power source exceeding this voltage does not pose an issue (see
appendix C for control board architecture and specifications). The sensor itself is connected
to the A0 analogue port on the base board via 4-pin buckle cable.

e.
a.

b.

c.

d.

Figure 3: Sensor
components. 3a:
control board; 3b:
baseboard; 3c: SD
writer; 3d: sensor;
3e: all components
assembled, shown
with power source.
All pictures include
15cm ruler for scale.
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The MQ5 gas sensor detects gas concentration based on a change in electrical
resistance in the air, with a lower resistance theoretically indicating a higher concentration
of the target gas with respect to clean air (with the target gas in this case being methanethe sensor is also capable of detecting multiple other gasses [see appendix D for sensor
specifications]). The sensed resistance value must be calibrated with respect to a resistance
value for clean air, referred to as R0 in the code (see appendix E). The sensor also exhibits
a temperature dependence which should be calibrated for to ensure complete accuracyhowever this was not accounted for within the scope of this project.
The program for the sensor was written using the Arduino integrated development
environment (IDE) based on the Processing programming language. Values for resistance
in clean air (R0) are averaged over 100 readings for calibration purposes. Resistance values
are stored using a floating-point integer data structure. To determine an estimated reading
in parts per million (ppm), x and y intercepts were sampled from the calibration curve (see
appendix D) to establish a conversion function. Output values for the ratio of sensed
resistance to clean air resistance (Rs/R0), estimated reading in ppm, and reading time
stamps in hours, minutes, and seconds elapsed since battery plug in time were written to
the SD card as an output text file (see appendix E for code).
The chassis to house the sensor module for attachment to the UAS was drawn using
FreeCAD, a freeware open source 3-D modelling software. This software was chosen
because it is freely available to the public, unlike the more popular AutoCAD or
SolidWorks programs commonly used for 3-D modelling and design. Using a freeware,
open source modelling software enabled the design of various parts whose files can be
shared for use and modification by other interested users at no cost. The needed parts were
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modelled and then saved as a stereolithography (.STL) file format to be 3-D printed. The
3-D printing services offered by the University of Akron Maker Studio were utilized to
print all needed parts. Parts were printed using acrylonitrile butadiene styrene (ABS) with
100% infill.
Several design iterations for the chassis were attempted. The chassis necessitated
several design considerations: safely housing the sensor module, not impeding UAS flight,
and extending far enough from the UAS to not be affected by prop wash. Prop wash is air
turbulence created by the motion of the propellers and can result in sampling errors in
readings made in proximity to the body of the
drone (Villa et al., 2016). The first iteration
consisted of a rectangular box for housing all
sensor components meant to extend laterally
from the body of the UAS, however this design
proved to be much too heavy and bulky for
Figure 4: First design iteration for
chassis. 15cm ruler pictured for scale.

unimpeded flight (figure 4). The second
iteration (figure 5) was a smaller, lighter
rectangular box that houses only the control
board, baseboard, SD writer, and battery that is
secured to the undercarriage of the UAS by
resting on a carbon fiber plate. The total mass
of the first design was 510g, whereas the total

Figure 5: Second design iteration for
chassis. 15cm ruler pictured for scale.
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mass of the second design was
substantially less at 79g. Schematic
diagrams for all designed parts can be
found in appendix F. A 50cm long
hollow

carbon

fiber

rod

extends

forward from the undercarriage of the
drone to which the sensor itself is
Figure 6: Sensor module and chassis secured
to UAS in flight. Note undercarriage chassis,
carbon fiber arm, and sensor chassis mounted
to arm with ring clamp.

secured. Having the sensor extend this
far from the drone reduces the effects of
prop wash. The sensor is secured to the

rod by a separate 3-D printed chassis that attached using a ring mount, and the sensor was
connected to the analogue port on the baseboard (housed in the main chassis under the
UAS) via a 50cm 4-pin buckle cable. This second chassis design was proven to meet all
necessary design considerations and was chosen as the final design. All temporary
fastenings (i.e. securing the chassis to the drone and securing the lid on the chassis) were
made using cable ties.
c. Data Collection
The second chassis design was used to house the sensor components and rectilinear
flight paths were to be flown over the target features. The flights were to be executed at a
speed of 0.5m/s with sensor readings being taken every second. These flight paths were to
then be repeated in vertical intervals of 5m, starting at 1m and going to 21m so as to collect
measurements in 3 dimensions around the target features (Bollo et al., 2018). When
executing the flight, it was crucial to note particular times for use later in joining sensor
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data to flight logs for georeferencing of sensor data. The times for sensor battery plug in,
UAS liftoff, UAS landing, and sensor battery unplug were recorded. These procedures
were to be repeated for all 5 target features in order to evaluate potential fugitive methane
emissions.
d. Data Processing
Once the data collection flights were completed, the sensor data was retrieved from
the SD card in .txt format and imported into Excel for later manipulation for joining with
the flight logs. The flight logs were retrieved from the internal storage on the UAS as a
.DAT format file using the DJI Assistant desktop application and were then decrypted
using Airdata, an independent online service. The decrypted flight logs were in a .CSV file
format, which was then imported into Excel. In order to map the sensor data, it must be
associated with a geographic coordinate. This was done by joining the sensor data to the
flight logs from the UAS, which contain GPS coordinates. To join two tables, a common
field between them is necessary. Both tables by default contain a field for total time elapsed
in seconds, so this was used (it should be noted that by default the time elapsed within the
flight logs is measured in milliseconds, so a conversion is necessary). However, the sensor
log and the flight log do not begin recording at the same actual time (the sensor begins at
the time of battery plug in, while the flight log begins recording time when the engines are
turned on), so it is necessary to adjust the time elapsed fields in both tables. This is done
by noting the actual time of sensor battery plug in, and the actual time of UAS liftoff within
the flight log (liftoff is considered to be the start of data collection, and is taken as the first
non-zero value within the distance above takeoff field within the flight log). With the actual
time known relative to the time elapsed in both tables, the fields are adjusted so that both
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begin at the start of data collection (i.e. all sensor values prior to UAS liftoff are disregarded
and all flight log values prior to liftoff are disregarded). Further, as UAS landing is
considered the end point for data collection, both time elapsed fields are manipulated to
exclude all values after landing. All field manipulations were performed in Excel, and
sample flight logs and sensor logs with relevant data both before and after alteration are
included in appendix G.
Once the two tables were satisfactorily altered, both were imported into ESRI’s
ArcGIS pro. The two tables were joined with the now adjusted time elapsed in seconds
field being used as the common field, and each sensor value was mapped as a point feature
class. The points were projected in the NAD StatePlane Ohio North FIPS 3401 projected
coordinate system using a Lambert Conformal Conic projection and the GCS North
American 1983 geographic coordinate system. This produced a series of individual points
that trace the flight path and include values for sensor readings at those points. In order to
produce a continuous surface showing the potential presence of methane, interpolation was
performed on the point sensor values. This yielded an interpolation raster (i.e. a 2dimensional grid) showing the distribution of sensor values. To do this, two different
interpolation methods were used- inverse distance weighted (IDW) and kriging. Both
techniques are commonly applied in emissions modelling applications and both have their
positives and drawbacks (Abichou et al., 2006; Caulton et al., 2014). Abichou et al. found
IDW to be more representative of a dataset and to have better predictive ability, however
they noted that kriging provides more detail about the overall spatial structure and tend to
produce more “natural looking” contours. Interpolated values were classified based on a

16

geometric interval. These interpolation rasters were then mapped overtop the aerial
imagery base map default to ArcGIS Pro at the relevant location within the preserve.
IV. Results
Due to the outbreak of the COVID-19 pandemic late February of 2020, in
compliance with University of Akron and state of Ohio social distancing measures, the data
collection portion of the study was cut short. As such, only a single trial flight with the
sensor mounted could be performed. This flight was executed around the location of
extraction well A (figure 1) and was performed in a haphazard manner at various elevations
with no regular, pre-programmed flight path. However, sensor readings were still taken
from this flight and were mapped using the noted interpolation methods (figure 7).

Figure 7: maps of data produced
from sensor test at extraction well
A (well located immediately NW
of image center- where flight path
overlaps several times). 7a: UAS
flight path shown over aerial
imagery; 7b: result from IDW
interpolation for Rs/R0 values; 7c:
result from kriging interpolation
for Rs/R0 values; 7d: result from
IDW interpolation for estimated
concentration in ppm; 7e: result
from kriging interpolation for
estimated concentration in ppm.

a.
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b.

c.

d.

e.
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Each individual point represents the location of a single sensor value, and the color
of each point is used to indicate the elevation at which the measurement was made relative
to takeoff height. Upon consideration of the values recorded by the sensor, however, the
validity of the results appears questionable. The recorded values for the Rs/R0 ratio appear
too high to indicate the presence of methane (expected to be within the range of 0.2-1), but
too low for expected clean air values (expected to be approximately 6.5). This is likely
erroneous and could have been caused by inaccurate calibration or due to failing to account
for the temperature dependence of the sensor. Further, the values recorded for estimated
methane concentration in ppm were much lower than what was within sensing capabilities
(ranging from approximately 0.2-0.5ppm). This could potentially indicate an inaccuracy
arising from the sampling of the calibration curve use to establish the conversion function
not being sufficiently representative (see appendix D, E), or that there in fact was no
detectable methane in the area sampled and that the sensor values did not correspond to
expected clean air values due to failing to account for temperature dependence.
Additionally, as the MQ5 sensor is sensitive to gasses other than methane, it is possible the
measured values reflect variation in the concentration and distribution of carbon dioxide or
other gasses (see appendix D for other gasses MQ5 is sensitive to).
Despite the likely limited accuracy of the data, possible trends in the spatial
distribution of sensor values can be seen. In particular, several gradient regions can be seen
in both the IDW and kriging interpolation rasters. A gradient is apparent in the northwestern portion of the map along a linear portion of the flight path at a relatively constant
height. The values in this region indicate a potentially higher methane concentration that
radiates away from the location of the well in a northeasterly direction. It is worth noting
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that the gradient boundary is shown more starkly in the IDW interpolation. The central and
eastern regions of the map show values suggesting “cleaner” air. The IDW interpolation
produced several distinct, small concentric gradients showing values indicating cleaner air
in the West-Central portion of the map that are absent from the kriging result (although an
overall gradient is still exhibited). It should also be noted that the measurements along this
portion were taken at a higher elevation (roughly 25-30ft above takeoff) than many of the
other measurements.
Although it is tempting to interpret these gradients as methane plumes, caution
should be exercised in doing so. It is entirely possible that these differences in sensor values
reflect temperature differences among air pockets, or that the spatial distribution of values
was influenced by wind direction and speed in such a way so as to produce these gradients.
Further, as noted earlier, the observed patterns could also be reflective of variations in the
concentrations of other gasses. In order to assess these potential areas of error, it would be
necessary to continuously monitor air temperature on-board the UAS and to have
climatologic data including wind direction and speed for the time and locality of
measurement.

V. Discussion
Although the data collection phase of the project could not be completed, the design
prototyped here still shows potential as a low-cost open-source method for fugitive
methane emissions. In order to determine the full efficacy of this technique, however,
further work is needed. The programming of the control board requires refining to address
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potential errors associated with sensor calibration, and the accuracy of the calibration
should be separately systematically evaluated by measurement in a controlled setting with
known methane concentrations. Further, the design should be modified to include a
temperature sensor for collecting air temperature data concurrent with sensor
measurements. A temperature-dependence function could be established based on the
temperature dependence curve (appendix C) and incorporated into the programming for
the control board to help address the issue of temperature-dependence-associated error. In
order to actually evaluate the presence of fugitive methane emissions at Bath Nature
Preserve, more field measurements must be taken around all target features as specified in
the original methodology.

VI. Conclusion
To address the lack of robust and dynamic local-scale fugitive methane emissions
datasets, a UAS-deployable system was prototyped based on commercially available, lowcost, and open-source components. A system was developed and deployed without
resulting in failure of the flight (i.e. a crash), however the validity of the sensor
measurements could not be thoroughly assessed due to the data collection portion of the
project being cut short as a result of the COVID-19 outbreak in the Spring of 2020.
Although the system shows promise in this application, further work is needed to refine
the design and to fully evaluate its functionality.
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Appendix A: UAS Specifications (retrieved from dji.com)
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Appendix B: Design Architecture and Component Costs

Custom Mount for Sensor
Purpose: Securely mount sensor to
UAV
Source: designed and 3-D printed
for project
Cost: Free, printed using university
resources

Seeeduino V4.2 Control Board
Purpose: Receive/transmit
communications with sensor and
peripheral modules (SD Card writer)

UAV Unit: DJI Phantom 4 Pro
Purpose: Deployment of sensor for data acquisition
Source: University of Akron Dept. of Geosciences
Cost: Owned

9V Battery

Source:
https://www.seeedstudio.com/Seeeduin
o-V4-2-p-2517.html

Purpose: Supply power to
control board

Cost: $6.90 + shipping
Seeeduino Base Shield V2

Mechanical Connection:

Purpose: Facilitate interfacing of sensor and
peripherals with control board

Electrical/Communications
Connection:

Source: https://www.seeedstudio.com/BaseShield-V2.html
Cost: $4.45 + shipping

Grove MQ5 Electrochemical
CH4 Sensor

Seeeduino SD Card Shield
V4.0

Purpose: Collect data on
present Methane
concentration

Purpose: Store data
collected by sensor

Source:
http://wiki.seeedstudio.com/
Grove-Gas_Sensor-MQ5/
Cost: $7.90 + shipping

Total cost of listed components:
$33.15 + shipping
Cost of UAS did not need to be
accounted for, as it was already
owned by the university.

Source:
http://wiki.seeedstudio.co
m/SD_Card_shield_V4.0/
Cost: $13.90 + shipping
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Appendix C: Control Board Specifications and Architecture (retrieved from Seeedstudio.com)
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Appendix D: MQ5 Sensor Specifications
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Appendix E: Code Used in Programming Control Board (read top-down, left to right)
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Appendix F: Parts Schematics

Chassis design 1- top view

Chassis design 1- front view

Chassis design 1 lid
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Chassis design 2- front view

Chassis design 2 lid

Chassis design 2- side view

Chassis design 2- top view

Sensor chassis- top view
Sensor chassis lid

Sensor chassis- front view

Sensor chassis- side view
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Appendix G: Sample Flight and Sensor Logs
OBJECTID time_millisecond_ time_seconds
datetime_utc_ latitude
longitude
height_above_takeoff_feet_
1
100
0.1 3/5/2020 14:09 41.18280425 -81.65169441
0
2
200
0.2 3/5/2020 14:09 41.18280426 -81.65169444
0
3
300
0.3 3/5/2020 14:09 41.18280427 -81.65169447
0
4
400
0.4 3/5/2020 14:09 41.18280431 -81.65169447
0
5
500
0.5 3/5/2020 14:09 41.18280434 -81.65169446
0
6
600
0.6 3/5/2020 14:09 41.1828044 -81.65169446
0
7
700
0.7 3/5/2020 14:09 41.18280445 -81.65169445
0
8
800
0.8 3/5/2020 14:09 41.18280449 -81.65169449
0
9
900
0.9 3/5/2020 14:09 41.18280452 -81.65169452
0
10
1000
1 3/5/2020 14:09 41.18280453 -81.65169453
0
11
1100
1.1 3/5/2020 14:09 41.18280454 -81.65169452
0
12
1200
1.2 3/5/2020 14:09 41.18280454 -81.6516945
0
13
1300
1.3 3/5/2020 14:09 41.18280454 -81.6516945
0
14
1400
1.4 3/5/2020 14:09 41.1828045 -81.65169449
0
15
1500
1.5 3/5/2020 14:09 41.18280447 -81.65169448
0
16
1600
1.6 3/5/2020 14:09 41.18280443 -81.65169447
0
17
1700
1.7 3/5/2020 14:09 41.18280441 -81.65169446
0
18
1800
1.8 3/5/2020 14:09 41.18280435 -81.65169443
0
19
1900
1.9 3/5/2020 14:09 41.1828043 -81.65169439
0
20
2000
2 3/5/2020 14:09 41.18280426 -81.65169436
0
21
2100
2.1 3/5/2020 14:09 41.18280423 -81.65169434
0
22
2300
2.3 3/5/2020 14:09 41.18280422 -81.65169433
0
23
2400
2.4 3/5/2020 14:09 41.1828042 -81.65169432
0
24
2500
2.5 3/5/2020 14:09 41.1828042 -81.65169432
0
25
2600
2.6 3/5/2020 14:09 41.18280419 -81.65169431
0
OBJECTID time_millisecond_ time_seconds
datetime_utc_ latitude
longitude
height_above_takeoff_feet_
34
3500
3.5 3/5/2020 14:09 41.18280426 -81.65169456
0
35
3600
3.6 3/5/2020 14:09 41.18280441 -81.6516942
0.328084
36
3700
3.7 3/5/2020 14:09 41.18280473 -81.65169337
0.656168
37
3800
3.8 3/5/2020 14:09 41.18280513 -81.65169217
1.312336
38
3900
3.9 3/5/2020 14:09 41.18280558 -81.65169079
1.968504
39
4000
4 3/5/2020 14:09 41.18280617 -81.65168925
2.624672
40
4100
4.1 3/5/2020 14:09 41.18280687 -81.65168761
3.608924
41
4200
4.2 3/5/2020 14:09 41.18280765 -81.65168611
4.593176
42
4300
4.3 3/5/2020 14:09 41.18280847 -81.65168468
5.577428
43
4400
4.4 3/5/2020 14:09 41.18280929 -81.65168361
6.56168
44
4500
4.5 3/5/2020 14:09 41.18281004 -81.65168277
7.545932
45
4600
4.6 3/5/2020 14:09 41.18281083 -81.65168216
8.2021
46
4700
4.7 3/5/2020 14:09 41.18281149 -81.65168168
8.530184
47
4800
4.8 3/5/2020 14:09 41.18281212 -81.65168144
8.858268
48
4900
4.9 3/5/2020 14:09 41.18281268 -81.65168127
8.858268
49
5000
5 3/5/2020 14:09 41.18281315 -81.6516813
8.858268
50
5100
5.1 3/5/2020 14:09 41.18281353 -81.65168137
8.530184
51
5200
5.2 3/5/2020 14:09 41.18281379 -81.65168154
8.530184
52
5300
5.3 3/5/2020 14:09
41.182814 -81.65168173
8.2021
53
5400
5.4 3/5/2020 14:09 41.18281413 -81.65168193
8.2021
54
5500
5.5 3/5/2020 14:09 41.18281425 -81.65168214
8.2021
55
5600
5.6 3/5/2020 14:09 41.18281436 -81.6516823
8.2021

Time (min:sec)
0:0:1]
0:0:2]
0:0:3]
0:0:4]
0:0:5]
0:0:6]
0:0:7]
0:0:8]
0:0:9]
0:0:10]
0:0:11]
0:0:12]
0:0:13]

Sensor Voltage
sensor_volt = 0.03
sensor_volt = 0.07
sensor_volt = 0.18
sensor_volt = 0.31
sensor_volt = 0.42
sensor_volt = 0.49
sensor_volt = 0.50
sensor_volt = 0.46
sensor_volt = 0.40
sensor_volt = 0.34
sensor_volt = 0.28
sensor_volt = 0.24
sensor_volt = 0.21

Resistance Ratio
RS_ratio = 169.67
RS_ratio = 67.27
RS_ratio = 27.44
RS_ratio = 15.25
RS_ratio = 10.91
RS_ratio = 9.14
RS_ratio = 8.94
RS_ratio = 9.78
RS_ratio = 11.49
RS_ratio = 13.84
RS_ratio = 16.66
RS_ratio = 19.48
RS_ratio = 22.81

Rs/R0
Rs/R0 = 6.50
Rs/R0 = 2.58
Rs/R0 = 1.05
Rs/R0 = 0.58
Rs/R0 = 0.42
Rs/R0 = 0.35
Rs/R0 = 0.34
Rs/R0 = 0.37
Rs/R0 = 0.44
Rs/R0 = 0.53
Rs/R0 = 0.64
Rs/R0 = 0.75
Rs/R0 = 0.87

ppm
Time (sec)
ppm = 0.00
1
ppm = 0.68
2
ppm = 130.83
3
ppm = 4084.72
4
ppm = 29153.58
5
ppm = 82187.08
6
ppm = 93372.10
7
ppm = 55268.82
8
ppm = 21511.61
9
ppm = 7220.71
10
ppm = 2440.88
11
ppm = 974.77
12
ppm = 386.28
13

Sensor log before adjusting time field to
be synchronous with flight logs

Time (min:sec)
0:4:0]
0:4:1]
0:4:2]
0:4:3]
0:4:4]
0:4:5]
0:4:6]
0:4:7]
0:4:8]
0:4:9]
0:4:10]
0:4:11]
0:4:12]
0:4:13]
0:4:14]
0:4:15]

Flight logs before adjusting to only
include data collection period (i.e.
including zero values for height
above takeoff)

Flight logs after adjusting to only
include data collection period

Sensor Voltage
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06
sensor_volt = 0.06

Resistance Ratio
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77
RS_ratio = 77.77

Rs/R0
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98
Rs/R0 = 2.98

ppm
Time (sec)
ppm = 0.29
240
ppm = 0.29
241
ppm = 0.29
242
ppm = 0.29
243
ppm = 0.29
244
ppm = 0.29
245
ppm = 0.29
246
ppm = 0.29
247
ppm = 0.29
248
ppm = 0.29
249
ppm = 0.29
250
ppm = 0.29
251
ppm = 0.29
252
ppm = 0.29
253
ppm = 0.29
254
ppm = 0.29
255

Sensor log after adjusting time field to
be synchronous with flight logs

